in augmentation was obtained both with and without a hypermixing vortex

in the section between the cross slot jets was also tested. Thus, the

test program was planned to verify both trends predicted in the analytic
study.,




TESTS OF NOZZLE PERFORMANCE

Experimental Apparatus

The test program was actually carried out in two separate phases.
Because the prediction of reduced augmentation for the hypermixing
cross slot nozzles was fundamental to this study, preliminary testing
was performed approximately midway through the analytical program in
order to verify this result., In the interest of economy, these tests
were performed by modifying the cross slot nozzle in an existing ejec-
tor. Analysis of the remaining nozzles was then completed and the
hypermixing span slot nozzle was identified as having the greatest
entrainment. The test program was completed by fabricating this nozzle
and comparing its performance to that of the alternating slot nozzle

and a hypermixing nozzle with equal area.

Although the analytic comparison of the nozzles was performed at one
diffuser area ratio, testing was conducted over a range of diffuser
area ratios in order to be sure of comparing the highest augmentation
for each nozzle, Different ejectors were used in each phase of the
testing, but both were of the type shown in Figure 3. The exit of the
Coanda nozzles was fixed relative to the diffuser flaps, so that the
location of this nozzle changed as the flaps were rotated to vary the
diffuser angle. The augmentation ratio does have some sensitivity to
the location of this nozzle, but the effect of nozzle position was the
same for each test. In addition to the primary nozzles, both ejectors
also had an array of boundary layer control nozzles on the endwalls to
direct high pressure air into the corners of the diffuser. The thrust
of these nozzles was included in calculating the thrust augmentation

ratio.
The flow to each of the ejector components was measured with a

separate venturi, and nozzle pressures were recorded with a total pres-

sure probe in the nozzle exit., Internal screens were used on each of
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the nozzles to smooth out spanwise total pressure variations. A static

pressure probe was positioned in the ejector throat to record the pres-

sure in the secondary stream. Venturi, nozzle and secondary pressures
were read out manually on vertical water or mercury manometers, as

appropriate.

The ejector models were mounted on a horizontal cradle suspended by
four tie rods attached to a rigid frame. The thrust was measured with
two 500-pound load cells installed on connecting arms between the lower
endwall and the outer frame. The tares of the primary air supply hoses
were recorded as a function of the supply pressure. This calibration
was used to correct the force measured by the load cell. The thrust
augmentation was calculated as the ratio of the thrust measured with
the load cells to the isentropic thrust calculated for an expansion of

the measured mass of primary fluid to atmospheric pressure.

During the preliminary tests of the cross slot nozzle, velocity sur-
vey data was obtained with a Model 1264 miniature conical hot film
probe manufactured by Thermo Systems, Inc. A TSI Model 1050-20 constant
temperature anemometer was used with this probe. In the second phase
of testing, a pitot static probe was used to obtain the survey data.
The probe was connected to a pair of pressure transducers which send
an analog signal to an IBM 1800 computer. The total and static pressure
profiles are then digitized and the velocity profiles derived from this
data,

Hypermixing Cross Slot Nozzle Tests

An existing ejector model was used for testing the effect of hyper-
mixing on a cross slot nozzle. The nozzle and ejector geometry were
different from those used in the analysis, but by utilizing an existing
model, the tests were performed quickly and at low cost. The test

ejector is shown in Figure 30, The inlet area ratio was A2/Ap = 22 and
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Figure 30. Sectional View of Preliminary Test Ejector
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the ratio of length to width was Lg/W = 1,5, These differences in geom-

etry were not expected to affect the outcome of the nozzle comparison.

A sketch of the cross slot nozzle is shown in Figure 31, Each segment
has an aspect ratio of 15:1 and has a length equal to 0.32 of the throat.
To provide a direct comparison, the hypermixing cross slot nozzle was
constructed by modifying this nozzle. Opposite sides of each element
of the nozzle were cut back a distance equal to the nozzle gap; the exit
of the nozzle was then closed down to restore the same exit area as prior

to the modification. The modified nozzle is shown in Figure 32.

Each of the nozzles was checked to insure that the spanwise total
pressure distribution was uniform, and the isolated thrust of the nozzle
was measured to determine the velocity coefficient, Cy. The nozzles were
then installed in the ejector, and the thrust augmentation ratio was
measured over a range of diffuser area ratios. These measurements were
made for nozzle exit pressure ratios of 1.5, 2.0 and 2,5. For both of
the nozzles, the hot film anemometer was used to obtain midspan velocity
surveys at a diffuser area ratio of 1.79, which was close to the value
for peak performance. The surveys were obtained by making chordwise
sweeps at the throat, midway to the augmenter exit, and at the exit.,
These profiles were used to compare the mixing characteristics and
development of the jets through the ejector. They are shown in Figures
33 and 34, The development of the jets is as predicted by the numerical

results,

A comparison of the thrust coefficient of the cross slot nozzles,
with and without hypermixing, reveals a slight drop from Cy = .91 to
Cy = .90 at a nozzle exit pressure ratio of 2.0. This drop is attrib-
uted to the tilt loss associated with the deflection of the jet. Thus,

the entrainment of the hypermixing cross slot nozzle must be increased

just to compensate for this tilt loss. However, the measured performance
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shown in Figure 35 indicates that the entrainment was actually reduced

by the hypermixing. Comparison of the thrust augmentation ratio versus
diffuser area ratio for the two configurations shows a 6% decrease in
performance due to the hypermixing. The peak augmentation ratio dropped
from 1.62 to 1,52 at nozzle exit pressure ratios of 2.0, Similar

decreases in performance were seen for the other pressure ratios tested,

Examination of the hot film velocity profiles indicates that the
primary reason for the decrease in performance was the tendency of the
primary flow to collapse on itself. That is, the rotation induced by
the vortices drove adjacent jets together and thus reduced the total

entrainment. At the ejector exit there were large regions in which the

jet thrust is lower than for the plain cross slot configuration. The
analytic prediction that the addition of hypermixing to a cross slot
produces a decrease in performance was therefore confirmed. This
information was utilized in designing the nozzles which were considered

in the subsequent analysis.

Hypermixing Span Slot Nozzle Tests

In the final series of tests, the performance of an alternating slot
nozzle, both with and without hypermixing, was compared to the performance
of a reference hypermixing nozzle. This reference nozzle is shown in
Figure 36, Each section has an aspect ratio of 10:1 and exit gap of
0.30 cm. One side of each section is cut back to deflect the jet
through an initial angle of 15°, The alternating slot nozzle is shown
in Figure 37, Both sections have the same average gap, t =.21 cm, but the
spanwise section has an aspect ratio of 9:1 while the cross slot section
has an aspect ratio of 12:1. The length of the cross slot is equal to
37% of the throat width. The hypermixing version of the nozzle, which
is shown in Figure 38, was fabricated by cutting back the exit of each
span section and inserting a thin (.05 cm) divider strip between halves,
as seen in the figures. The gap was closed to restore the original exit
area. These dimensions were chosen so that all three nozzles had about

the same exit area.
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A view of the ejector model with the hypermixing slot nozzle installed
is shown in Figure 39. It has a span of 50 cm and the width at the throat
is 7 cm. Three boundary layer control nozzles are visible on each end-
wall; these can be rotated to optimize the distribution of air, The
slotted control arms at the center of the ejector are used to adjust
the angle of the diffuser walls., Figure 40 is a cross section of this
ejector. The ratio of ejector length to throat width is Le¢/W = 2,1, and
the inlet area ratio is 13,

The pressure distribution of each nozzle was examined to establish its
uniformity, and the jet from each section of the hypermixing nozzle was
surveyed to verify that it was hypermixing., Necessary adjustments were
made and the velocity coefficient was measured prior to installing each
nozzle in the ejector. Testing was conducted at three nozzle exit pres-
sure ratios equal to 1.5, 2.1 and 2.5 over a range of diffuser area
ratios., Thrust augmentation ratios were computed from venturi measured
mass flows and load cell thrust measurements., Midspan pitot static
surveys were taken by making chordwise sweeps beginning at the ejector
throat and proceeding streamwise in 2.54 cm (one inch) increments to the
ejector exit., These surveys were taken at a diffuser area ratio of 2.0,
which represented the peak performance for each of the configurations at
nozzle exit pressure ratio of 2,1. These may be found in Figures 41 & 42,

The development of the profiles is the same as the numerical predictions.

The variation of thrust augmentation ratio as a function of diffuser
area ratio for the three configurations tested is shown in Figure 43,
The maximum augmentation of ¢ = 1.57 for the alternating slot case, and
¢ = 1.54 for the hypermixed alternating slot case, represents substantial
increases above the 1.49 attained with the hypermixing reference nozzle.
Thus, the analytic prediction that both of these nozzles would produce

increases over the baseline was verified.
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Figure 39, Test Ejector with Hypermixed Alternating Slot Nozzle ;.
Installed
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The smaller increment in augmentation achieved with the hypermixed
alternating slot nozzle suggests that there may be some interference
between the hypermixing and cross slot mechanisms, Examination of the
midspan pitot static surveys indicates that although mixing was increased
slightly in the regions of flow directly below the hypermixed span slots,
the chordwise spreading of the cross slots was reduced by the hypermixing
action., The vortices created by hypermixing seem to draw the cross slot

jets toward them.

In Figure 44 a comparison of these nozzles at a pressure ratio of
2,5 is shown. The same performance trends are seen as at the lower
pressure ratio, Both the alternating slot and the hypermixed alternating
slot configurations gave better performance than the reference hyper-

mixing nozzle, even though the maximum augmentation occurred at a lower

diffuser area ratio, A3/A; = 1,8, At increased diffuser area ratios,

the augmentation declined more rapidly than at PR = 2,1.
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CONCLUSION

The analytical predictions which were tested have therefore been
verified, The hypermixing and cross slot mechanisms are not readily
combined: the entrainment of a narrow cross slot nozzle is reduced by
the addition of a hypermixing vortex. This is because the effect of the
vortex is to deflect adjacent sections of the jet into each other and
thus inhibit their spreading. The augmentation ratio is reduced approx-
imately A¢ ~ 0,10 in this case. Both with and without a hypermixing
vortex, the alternating slot nozzle was predicted to increase the aug-
mentation about A¢ ~ .05 over the baseline levels. This was also verified

by testing.

Increasing the length of the cross slot segment resulted in the
largest predicted gain in thrust augmentation. However, these nozzles
were not tested because considerable development has already been carried
out on this type of nozzle. In addition, it is difficult to incorporate
these nozzles in a thin wing or low area ratio ejector, because of losses
imposed by volume constraints. Nevertheless, the significant gains

predicted provide an incentive for continued study.

In addition to these conclusions, there have been other benefits of
this study. For example, even though no increment in thrust augmenta-
tion was predicted for the staggered cross slot nozzle, this is an easier
nozzle to fold into some wings than the ordinary cross slot nozzle. It
is encouraging to know that there is no penalty in those cases. Further,
it is helpful to know the limits on augmentation associated with the
size of the lobes, because this makes it possible to balance the
increased weight or complexity of larger lobes against the gain in
augmentation, Lastly, some previously unexplained anomalies and "strange"
lobes observed in measured velocity profiles are now understood in terms

of the coverall development of the jet.
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